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SMOKE EMISSION FROM JET ENGINES 

Lawrence H. Linden and John B. Heywood 

Mechanical Engineering Department 
Massachusetts I n s t i t u t e  of Technology, Cambridge, Yassachusetts 

ABSTRACT-The fundamental processes determining t h e  amount of smoke i n  

the  exhaust of a gas tu rb ine  engine are examined. 

t i o n  of modern combustors and the  state of knowledge of t h e  processes 

occurring within t h e  combustor are reviewed. 

flame s tud ie s  of carbon formation are then discussed and co r re l a t ed  

with engine and combustor exhaust s tud ies .  

bon is t h e  noneqriilibrium product of f u e l  vapor-air combustion i n  l o c a l l y  

f u e l  r i c h  zones. Calculat ions of carbon oxidat ion rates are then used 

t o  show t h a t  s i g n i f i c a n t  f r a c t i o n s  of t h e  carbon formed i n  t h e  r i c h  

regions of the  primary zone may be consumed i n  the  leaner  regions of 

the  prircary zone and i n  t h e  secondary zone. F ina l ly ,  combustor design 

f ea tu res  des i r ab le  f o r  minimal exhaust smoke are summarized, and areas 

where f u r t h e r  research would he most bene f i c i a l  are iden t i f i ed .  

I. INTRODUCTION 

F i r s t ,  t he  configura- 

Data from laboratory 

It is seen t h a t  s o l i d  car- 

As a highly v i s i b l e  form of air pol lu t ion ,  t h e  smoky exhausts of 

modern jet  a i r c r a f t  engines have become a matter of publ ic  concern. 

There e x i s t s  a l a rge  body of da t a  re levant  t o  t h i s  problem, ranging from 

fundamental chzmical k i n e t i c s  and f l u i d  mechanics s tud ie s  t o  combustor 

development tests. 

la te  t h i s  work, summarizing the  important results. 

def ining the  underlying physical  processes which determine smoke emission 

from jet englnes and how these  processes may be cont ro l led  t o  reduce smoke. 

It is t he  purpose of t h i s  paper t o  review and corre- 

The emphasis is on 
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The s o l i d  carbon outputs of seve ra l  modern a i r c r a f t  j e t  engines 

are shown i n  Table 1. It can be seen t h a t  r e l a t i v e l y  small amounts of 

carbon are involved. 

r e s u l t s  i n  a neg l ig ib l e  l o s s  of combustion e f f ic iency .  

roughly 0.50 per  cent  fuel emitted as s o l i d  carbon, which is i: very 

smoky exhaust, results in a combustion inef f ic iency  of 0.35 per  cent  

(Toone (1968)). 

caused engine designers t o  consider smoke a problem. 

some concern i n  the  military over the  v i s i b i l i t y  of a i r c r a f t  which 

smoke, and a l s o  about carbon depos i t s  l e f t  on a i r c r a f t  carrier decks 

(F iore l lo  (1968)). It is, however, t h e  air po l lu t ion  aspec ts  of gas 

turbine smoke t h a t  have made i t  important. 

This small departure  from complete combustion 

For example, 

Thus concern f o r  combustion e f f i c i ency  has never 

There has been 

TABLE 1 

Solid Carbon Outputs of Airc ra f t  Jet Engines 
(Mass r a t i o  of s o l i r c a r b o n  t o  fue l ,  2) 

- 

Engine Model J-57a J T ~ D ~  TF-33' 

Take-of f 1.4 0.28 0.19 

Approach 0.7 0.27 0.21 

I d l e  1.0 0.06 0.24 

a 

bLozano et al. (1968) 

George and Burlin (1960) 

C Anon. (1968) 

The ex ten t  t o  which gas tu rb ine  smoke is a harmful po l lu t an t  is not  

present ly  w e l l  understood. Unlike t h a t  from d i e s e l  engines, gas turb ine  

smoke is s t a t e d  t o  contain neg l ig ib l e  carcinogenic components (Anon. (1965)). 



The major cause f o r  pub l i c  concern, t o  da t e ,  has  been t h e  aesthetic- one 

of t h e  smoke's d i s t i n c t  v i s i b i l i t y .  For example, i n  t h e  exhaust sCream 

of a P r a t t  and 'CJitney JT8D engine of t h e  o r i g i n a l  design,  s o l i d  carbon 

takes  up roughly 20 b i l l i o n t h s  of t h e  volume a t  take-off .  This  s m , % l l  

amount does,  however, absorb and s c a t t e r  a cons iderable  f r a c t i o n  o f  any 

l i g h t  beam t r a v e r s i n g  it f o r  a few f e e t  o r  more, because the  s i z e  10% 

t h e  p a r t i c l e s  i s  roughly t h e  same as t h e  wavelength of v i s i b l e  l ig la t ,  

A mass output  s e v e r a l  o rde r s  of magnitude l a r g e r  than  t h a t  of t h e  JT8D 

bu t  wi th  l a r g e r  p a r t i c l e s  might look no worse (DeCorso et  a l .  C1967)), 

While on a n a t i o n a l  b a s i s  t h e  emission of p a r t i c u l a t e s  by gas tur- 

b i n e  engines is smal l  r e l a t i v e  t o  t h a t  from o t h e r  sources ,  i n  a r e a s  near 

a i r p o r t s  they are t h e  l a r g e s t  c o n t r i b u t o r s  (Anon. (1968)). Furthermore, 

t h e  r educ t ion  of p a r t i c u l a t e  emissions from o t h e r  sources  and t h e  rapid177 

r i s i n g  volume of j e t  a i r c r a f t  t r a f f i c  w i l l  both i n c r e a s e  the  r e l a t i v e  

magnitude of t h e  problem (Fay (1970)).  Las t ly ,  i n  t h i s  day of t h e  increas- 

i n g  degradat ion of t h e  v i s u a l  q u a l i t y  of ou r  environment, t h e  a e s t h e t i c  

argument a g a i n s t  j e t  exhaust smoke has  become a compelling one, Thus i t  

is important t h a t  s o l i d  carbon be  e l imina ted  from t h e  exhaust s t reams of 

jet a i r c r a f t  as soon as poss ib l e .  

The presence of s o l i d  carbon i n  jet a i r c r a f t  exhaust may be blamed on 

e i t h e r  of two f a c t o r s :  t h e  success  of t h e  formation mechanism, o r  the 

inadequacy of t h e  subsequent ox ida t ion .  Thus both processes  must be  

considered,  Relevant d a t a  come from t h r e e  d i f f e r e n t  types of inves t tga-  

t i ons :  those  examining t h e  d e t a i l s  of t h e  chemical k i n e t i c s ,  those  study- 

i ng  t h e  carbon output  of s imple l abo ra to ry  flames a s  func t ions  of the  n9era.t- 

i n g  condi t ions  of t h e  flame, and those  record ing  t h e  carbon output  02 Kas 



t u r b i n e  combustors ( o r  engines)  as a func t ion  of engine-operating 

parameters and design v a r i a b l e s .  A t  t h i s  t ime t h e  s t a t e  of knowledge 

of t h e  k i n e t i c s  of carbon formation is  a t  a very b a s i c  l e v e l .  A 

state-of- the-ar t  review is  given by Palmer and C u l l i s  (1965). Not 

only do no r a t e  equat ions  e x i s t  f o r  k i n e t i c  c a l c u l a t i o n s ,  i t  i s  not  

even c l e a r  which chemical spec i e s  a r e  important .  The k i n e t i c s  s f  

carbon ox ida t ion  are understood considerably b e t t e r ,  and u s e f u l  rate 

equat ions  e x i s t ,  a l though he re  t oo  t h e r e  is  some doubt a s  t o  t h e  

important spec i e s .  

Lack of k i n e t i c  d a t a  has  p roh ib i t ed  any q u a n t i t a t i v e  p r e d i c t i o n  

of t h e  carbon output  from a gas t u r b i n e  combustor. A q u a l i t a t i v e  pic - 

t u r e  of t h e  important processes  which l e a d  t o  carbon formation can, 

however, be  formed. This  p i c t u r e  is based on d a t a  from flame s t u d i e s  

and can exp la in  t h e  r e s u l t s  of combustor exhaust measurements. A 

q u a n t i t a t i v e  approacll can b e  taken w i t h  carbon oxida t ion .  A s  \ t r i l l  be  

seen ,  t h e  complexity of t h e  combustor primary zone, where t h e  f u e l  can- 

bus t ion  t akes  p lace ,  a l lows only t h e  c rudes t  ox ida t ion  c a l c u l a t i o n s  there, 

klowever, a  mathematical model of t h e  combustor secondary zone, where t he  

primary zone combustion products  a r e  d i l u t e d ,  may be  used t o  provide the 

d a t a  necessary f o r  i n t e g r a t i o n  of t h e  ox ida t ion  k i n e t i c s  equat ions ,  This 

understanding of t h e  product ion and ox ida t ion  processes  al lows an assess- 

ment of t h e  e f f e c t s  of design tnodif icat ions on smoke emission l e v e l s ,  

XI. GAS TURBINE COPfBUSTION 

A. Combustor Descr ip t ion  

The modern gas t u r b i n e  combustor is  t h e  product of s e v e r a l  dei-ades 

of continuous ref inement  and evolu t ion .  Here, we w i l l  b r i e f l y  consider 

J 



t he  performance requirements t h a t  i t  must m e e t  and t h e i r  imp l i ca t ions  

on i t s  design,  The primary func t ion  of t h e  combustor is  t o  r a i s e  the  

temperature of t h e  compressor o u t l e t  a i r  be fo re  e n t r y  t o  t h e  turbirne 

by mixing and burning wi th  a hydrocarbon f u e l .  Compressor p re s su re  

r a t i o s  f o r  modern a i r c r a f t  engines a r e  between 10 and 25. This me,sns, 

f o r  example, t h a t ,  at low a l t i t u d e  and f u l l  power, t h e  a i r  e n t e r s  the 

combustor a t  a temperature of about 700 OK. Obviously an important 

requirement f o r  engine e f f i c i e n c y  is  t h a t  t h e  combustion process  b e  

v i r t u a l l y  complete be fo re  t h e  flow leaves  t h e  combustor; any unbumt  

f u e l  is  a d i r e c t  performance l o s s .  S a t i s f a c t o r y  combustion eff ic iency 

has  n o t ,  however, been a major design problem. 

It is d e s i r a b l e  t o  ope ra t e  t h e  t u r b i n e  a t  a s  h igh  an  i n l e t  t e~apesa -  

t u r e  as poss ib l e .  I n  modern engines design of t h e  t u r b i n e  b l ades  l i m i t s  

t h e  t u r b i n e  i n l e t  temperature t o  about 1300 OR. This impl ies  an o v e r a l l  

equivalence r a t i o ,  @ , f o r  t h e  combustor of about 0.25. The equivalence 
0 

r a t i o ,  4 ,  is def ined  a s  t h e  f u e l - a i r  r a t i o  d iv ided  by t h e  s to ich ionae t r ie  

f u e l - a i r  r a t i o  and ' b v e r a l l i '  means ac ros s  t h e  e n t i r e  combustor. A fuel- 

a i r  mixture wi th  qb = 0.25 is w e l l  below t h e  l e a n  inf lammabil i ty  Pixizit 

f o r  hydrocarbon f u e l s  i n  a i r  ( t y p i c a l l y  Q,* 0.50) and cannot be bulcned 

d i r e c t l y ,  The o v e r a l l  combustion process ,  then,  is  accomplished by divld- 

i n g  t h e  combustor i n t o  a "primary zone," where enough a i r  is mixed wi th  

t h e  f u e l  t o  v i r t u a l l y  coml?lete t h e  chemical r e a c t i o n ,  and a "secondary o r  

d i l u t i n g  zone" where t h e  rest of t h e  a i r  is mixed i n ,  

Within t h e  c o n s t r a i n t  of t h e  l e a n  inf lammabil i ty  l i m i t ,  t h e  primary 

zone equivalence r a t i o ,  , i s  determined by t h e  requirements f o r  m a x i m u m  
+P 



space u t i l i z a t i o n  and r ap id  and r e l i a b l e  i g n i t i o n .  The former is  

e s p e c i a l l y  important i n  a i r c r a f t  engines,  where weight i s  a t  a premiaur,, 

Minimum combustor volume impl ies  h igh  i n t e n s i t y  combustion (maxim~rm 

chemical r e a c t i o n  r a t e )  which f i x e s  4 near  un i ty .  The r a p i d  i g n i t i o n  
P 

requirement,  which is most s t r i n g e n t  when app l i ed  t o  an  a i r b o r n e  l:ell.g'E-,t, 

i s  b e s t  met by primary zones which are s l i g h t l y  on t h e  r i c h  s i d e  of 

s to i ch iome t r i c ,  i n  t h e  range 1 < 4 < 1.3 o r  so. A f u r t h e r  requirement 
P 

on a i r c r a f t  engines is  t h a t  t h e  f r o n t a l  a r e a  be minimized t o  reduce the  

eng ine9s  drag. This means t h a t ,  f o r  a  given combustor volume, the  shape 

w i l l  tend t o  be long and narrow. It fur thermore impl ies  t h a t  t h e  mean 

flow v e l o c i t y  must be  maximized, and thus  t h a t  some s o r t  of flame s t a b i h i z a -  

t i o n  scheme w i l l  be necessary.  

These cons idera t ions ,  combined wi th  t h e  need f o r  s t a b l e  engiale opera- 

t i o n  over  a wide range of power outputs  ( i . e . ,  f u e l  flows) and ope ra t ing  

p re s su res ,  r e s u l t  i n  t h e  t y p i c a l  combustor con f igu ra t ion  shown i n  F igure  I ,  

where t h e  mean flow p a t t e r n  is  a l s o  ind ica t ed .  The combustor c o n s i s t s  af 

a l i n e r ,  w i t h i n  which t h e  h ighly  tu rbu len t  combustion and mixing processes 

t ake  p lace ,  and an  annulus,  where a i r  flows u n t i l  i t  is  i n j e c t e d  j-nto tkie 

l i n e r .  F igure  1 may be regarded as a c r o s s  s e c t i o n  of e i t h e r  an Individual 

can combustor ( a  t y p i c a l  a i r c r a f t  engine w i l l  have 5-10 of t h e s e  a r r a n g e d  

azimuthal ly around t h e  compressor d r i v e  s h a f t ) ,  o r  a s e c t i o n  of ark annular 

combustor. The flame s t a b i l i z a t i o n  mechanism is  t h e  r e c i r c u l a t i n g  $ 3 0 ~  

p a t t e r n ,  which cons t an t ly  b r ings  ho t  combustion products  ~o the f u e l  

i n j e c t o r ,  s e rv ing  as a continuous i g n i t i o n  source.  The f u e l  is injected 

as a spray  which breaks up i n t o  d r o p l e t s  which then  vapor ize ;  the  vapor 

burns wi th  t h e  incoming f r e s h  a i r ,  

6 



A i r  e n t e r s  t h e  combustor i n  t h r e e  d i f f e r e n t  ways. About 15 p e r  cent 

of t h e  a i r  e n t e r s  near  t h e  f u e l  spray  and is  given a r o t a t i o n a l  v e l o c i t y  

which he lps  s t a b i l i z e  t h e  flow p a t t e r n ;  t h i s  i s  t h e  s w i r l  a i r .  About 

25 pe r  cent  of t h e  a i r  i s  introduced p a r a l l e l  t o  t h e  l i n e r  w a l l  a s  film 

coolant  t o  p r o t e c t  t h e  l i n e r  from t h e  extreme temperatures in  t h e  combus- 

t o r ,  The remaining f r a c t i o n ,  i . e . ,  t h e  bulk  of t h e  a i r ,  is i n j e c t e d  as 

l a r g e  jets designed f o r  deep p e n e t r a t i o n  and r ap id  mixing. It is the  

f i r s t  row of l a r g e  holes  which d r i v e s  t h e  r e c i r c u l a t i n g  flow p a t t e r n ,  

forming t h e  primary zone. An i n t e r e s t i n g  d i scuss ion  of t h e  combustor f l w , ~  

p a t t e r n  is  given by J. S, Clarke (1955, 1956). 

There a r e ,  of course,  o t h e r  requirements which a c t  as design con- 

s t r a i n t s .  Some of t hese  r e s u l t  from t h e  i n t e r a c t i o n  between compressor, 

combustor, and t u r b i n e  performance: some a r e  empi r i ca l  and a r e  derived 

from p a s t  experience.  It is n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  although the 

cons ide ra t ions  d iscussed  above determine t h e  o v e r a l l  combustor configura- 

t i o n ,  t h e r e  a r e  s i g n i f i c a n t  des ign  v a r i a t i o n s  between combustors developed 

by d i f f e r e n t  engine manufacturers.  

B,  The Combustion Process  

The d e t a i l s  of t h e  combustion process  i n  t h e  gas t u r b i n e  combustor 

are no t  w e l l  understood. The f u e l  e n t e r s  t h e  primary zone i n  t h e  form 

of a spray ,  which r ap id ly  breaks up i n t o  d r o p l e t s  wi th  diameters of 

50 - 200 v m  and wi th  speeds r e l a t i v e  t o  t h e  h o t  gases  of t h e  o rde r  of 

70 m/secr The combustor gases  themselves a r e  flowing i n  a compliciated 

tu rbu len t  p a t t e r n  wi th  v e l o c i t i e s  of similar magnitude. The gases  are 

a t  a temperature which is  much h igher  than  t h e  b o i l i n g  p o i n t  of t h e  f u e l ,  

s o  t h e  d r o p l e t s  begin t o  vapor ize  as soon a s  they e n t e r  t h e  combustor, 

F 



This  mass t r a n s f e r  process  is g r e a t l y  enhanced by t h e  r e l a t i v e  v e l o c i t y  

between t h e  d r o p l e t s  and t h e  gases ,  which i n  t u r n  is being reduced by 

t h e  drag on t h e  d rop le t s .  

Wbether t h e  d r o p l e t s  burn i n  t h e  c l a s s i c a l  s p h e r i c a l  flame manner, 

o r  whether they evaporate  and t h e  vapor mixes wi th  a i r  and burns el-se- 

where is  determined by t h e  r e l a t i v e  time s c a l e s  of t h e  evaporat ion and 

d e c e l e r a t i o n  processes .  According t o  Spalding (1953), t h e r e  is a e r i t i -  

c a l  r e l a t i v e  v e l o c i t y  between a d rop le t  and i t s  surrounding gases ,  above 

which a flame cannot be maintained a t  t h e  d r o p l e t ' s  s t agna t ion  poirat, If 

t h e  d r o p l e t s  slow down t o  t h i s  v e l o c i t y  before  they have s ignif icanat ly 

evaporated, they may be  a b l e  t o  burn. However, even i n  t h i s  case  the 

t u rbu len t  v e l o c i t y  f l u c t u a t i o n s  i n  t h e  combustor may keep t h e  r e l a t i v e  

v e l o c i t y  above t h e  c r i t i c a l ,  thus prevent ing  c l a s s i c a l  d rop le t  cornleustion, 

Ca lcu la t ions  r epo r t ed  by Heywood e t  a l .  (1970) i n d i c a t e  t h a t  by the  t i m e  

a  t y p i c a l  d r o p l e t  has  dece l e ra t ed  t o  below t h e  c r i t i c a l  v e l o c i t y ,  It has 

probably been mostly vaporized. Even i f  t h e  d rop le t  d i d  no t  evaporate  by 

t h e  t ime i t  had l o s t  i t s  i n j e c t i o n  momentum, t h e s e  c a l c u l a t i o n s  shc~w tha t  

t h e  tu rbu len t  v e l o c i t y  f l u c t u a t i o n s  would indeed prevent  conlbustiora, 

Based on t h a t  a n a l y s i s ,  t h e  fol lowing p i c t u r e  of combustion in the 

primary zone can be drawn, There e x i s t s  a  very fue l - r ich  reg ion  near 

t h e  i n j e c t o r  f a c e  where t h e  d r o p l e t  evaporat ion i s  talcing p l ace ,  b u t  where 

t h e r e  is  l i t t l e  combustion because of t h e  l a c k  of a i r .  E i t h e r  air  (in 

t he  case  of t h e  s w i r l  a i r ) ,  o r  a i r  p lus  h o t  products  ( i n  t he  case  o f  the  

mixture i n  t h e  r eve r se  flow reg ion)  flows by t h e  fue l - r i ch  zone entrain- 

ing  and mixing wi th  t h e  f u e l  vapor, and most of t h e  combustion takes place 

a s  t h e  flow t r a v e l s  downstream i n  t h e  o u t e r  reg ion  of t h e  zone, Hotrever, 
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each bit of fuel must be mixed with about fifteen times its weight in 

air before it reaches stoichiometric proportions; therefore, considerable 

burning must take place at equivalence ratios substantially greater than 

unity. As wLll be seen later on, this rich burning is crucial for car- 

bon formation. 

The important physical processes occurring in the secondary zone 

are understood considerably better than those of the primary zone. i3ased 

on this understanding, a mathematical model can be developed for use in 

the calculation of soot particle burning rates, ITeywood et ale 63.970) 

and Martin (1968) have used the following assuniptions : one-dimensif onai 

flow, thermodynamic equilibrim. except for the soot particles, no hear 

losses, and constant pressure. Heywood et ale (19701, whose model f o E L s v ~  

that developed by Graves and Grobman (1958), calculated the secontlar~~ zo~.:e 

mass flow rate as a function of distance from the primary zone assuming h 

liner and annulus of constant circular cross-section and flush round air 

jet holes, Their data for mass flux, equivalence ratio, temperateare and 

particle travel the, for a can geometry wl~ich a~proximates that of the 

JT8D combustor, for the case of Q = 1.2 are sho~m in Figure 2, Martin 
P 

(1968) did not calculate the mass flux, but instead imposed a linear varia- 

tion with distance which compares favorably with the data shown in Fig11r6-l 2 ,  

Assuming that the velocity and tenlperature of a fluid element are alsc  tlvxse 

of a soot particle, the chemical kinetics equations describing soot partl- 

cle oxidation can be integrated to find the radius decrease of a soot parti- 

cle travelling through a combustor secondary zone. This is discussed fur- 

ther in Section IV, 



1x1. CARBON FORMATION 

A.  Data from Laboratory Flames 

Early experiments on t h e  formation of s o l i d  carbon i n  l abo ra to ry  

flames were aimed a t  ranking va r ious  organic  compounds according t o  

"smoking tendency.'' No q u a n t i t a t i v e  d a t a  a s  t o  t h e  amount of soo t  formed 

were obta ined ,  Typical  of t h i s  research ,  and among t h e  e a r l i e s t ,  w e s  

t h a t  of Clarke e t  ax. (13461, who worked wi th  a f r e e  d i f f u s i o n  flame 

above c i r c u l a r  pools of va r ious  organic  l i q u i d s .  The flame he igh t  could 

be v a r i e d  by changing t h e  diameter of t h e  pool.  They def ined  t h e  "smoke 

point"  as t h e  length  of t h e  s h o r t e s t  flame which exh ib i t ed  v i s i b l e  smoke, 

and s i n c e  smoking tendency l o g i c a l l y  should be h igher  f o r  lower smc~ke 

p o i n t s ,  they l e t  t h e  smoking tendency be  a cons tan t  t imes t h e  inve r se  of 

t h e  smoke po in t ,  Clark ' s  r e s u l t s  i n d i c a t e  t h a t  t h e  most important factor 

determining t h e  r e l a t i v e  smoking tendency of hydrocarbon f u e l s  i s  t h e  

carbon atom t o  hydrogen atom r a t i o  of t h e  molecule,  Thus aromatic  hydro- 

carbons were found t o  smoke more e a s i l y  than  a lkynes ,  a lkenes  and paraf- 

f i n s ,  i n  t h a t  order .  Smoking tendency a l s o  c o r r e l a t e d  wi th  f u e l  volatility; 

i , e . ,  t h e  h ighe r  t h e  b o i l i n g  po in t  of a f u e l ,  t h e  lower i t s  smoke point, 

These r e s u l t s  were extended considerably by Scha l l a  e t  a l .  (1?!57), 

They worked wi th  confined laminar  d i f f u s i o n  flames, and thus could con- 

t r o l  t h e  o v e r a l l  f u e l - a i r  r a t i o .  The r e l a t i v e  smoking tendencies  they 

determined were s i m i l a r  t o  those  of Clarke e t  a l .  (1946). They a l so  found 

t h a t ,  f o r  a given f u e l ,  more smoke w a s  produced by flames wi th  hig'fles fuel-  

a i r  r a t i o s ,  They d id  n o t ,  however, determine q u a n t i t a t i v e l y  t h e  a~aozmt of 

s o l i d  carbon produced, The e f f e c t  of p re s su re  on smoking tendency was 

s tud ied ;  smoking tendency w a s  found t o  i n c r e a s e  wi th  pressure .  
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MacFarlane e t  al .  (1964) determined q u a n t i t a t i v e l y  t h e  carbon out- 

put  of premixed l abo ra to ry  flames. They g ive  d a t a  a t  p re s su re s  up t o  

20 atm, a s  a func t ion  of equivalence r a t i o .  Their  d a t a  f o r  one f u e l ,  

n-pentane, and one of t h e i r  two-flame conf igura t ions  a r e  sX~own in £pigtare 

3, These d a t a  a r e  t y p i c a l  of t h e  f u e l s  they t e s t e d  and have a numlber o f  

important f e a t u r e s .  F i r s t ,  thePr  experiments i n d i c a t e  v i r t u a l l y  no car- 

bon formed a t  p re s su re s  below 10 atm o r  so .  This  Is due t o  t h e i r  p a r t i c u -  

l a r  conf igura t ion  and i n d i c a t e s  t h e  s e n s i t i v i t y  of carbon formation d a t a  

on flame geometry. Thei r  burner  was designed s p e c i f i c a l l y  f o r  h igh  pressure 

s t u d i e s ;  they  could not  even g e t  a s t a b l e  flame a t  atmospheric pre:;sure, 

Other i n v e s t i g a t o r s  have obta ined  carbon from premixed flames a t  atmospheric 

p re s su re  (Homann (1967)).  Second, a t  a given p re s su re ,  no carbon is f o r r ~ ~ e d  

below a c e r t a i n  '"critical" equivalence r a t i o ,  t y p i c a l l y  around 3.5, and zir 

h ighe r  equivalence r a t i o s  t h e  amount formed does n o t  vary g r e a t l y ,  The 

ex i s t ence  of  a c r i t i c a l  equivalence r a t i o  was a l s o  observed by Homnnn CP9u7/ ,  

Thi rd ,  at a cons tan t  equivalence r a t i o ,  above t h e  c r i t i c a l ,  t h e  amount o f  

carbon formed r i s e s  r ap id ly  with inc reas ing  pressure .  

Comparison of t h i s  carbon output  d a t a  w i th  ca l cu la t ed  equ i l i b r iwn  

compositions a t  t h e  app ropr i a t e  equivalence r a t i o s  and p re s su res  indicates 

t h a t  t h e  products  of t h e s e  flames are n o t  i n  equi l ibr ium,  I n  f a c t ,  s o l i d  

carbon does n o t  appear i n  t h e  equi l ibr ium products  of hydrocarbon-air com- 

bus t ion  f o r  q5 < 3 o r  so .  I n  a gene ra l  sense ,  t h e r e f o r e ,  carbon can be 

regarded as a r e a c t i o n  in te rmedia te  whose consumption i s  very  slow relative 

t o  t h e  major gas phase r eac t ions .  Thus when a hydrocarbon flame i s  quenched 

immediately a f t e r  completion of t h e  important gas phase r e a c t i o n s ,  as i n  an 

unconfined d i f f u s i o n  flame o r  bunsen-type premixed flame, t h e  carbon oxida- 

t i o n  r e a c t i o n  is o f t e n  never  completed. 
1 1  



This  w a s  i n d i c a t e d  very c l e a r l y  by Michael Paraday a century ago 

(Faraday (1910)). I n  h i s  c l a s s i c  s e r i e s  of l e c t u r e s ,  e n t i t l e d  "The 

Chemical His tory  of a Candle," he demonstrated t h e  presence of s o a t  

formation and soo t  ox ida t ion  zones i n  a candle flame. Under n o m l  

circumstances t h e r e  may b e  no soo t  l eav ing  a burning candle though i t s  

presence i n  t h e  flame is  ind ica t ed  by t h e  emission of black-body radia- 

t i o n ,  I f  t h e  flame is prematurely quenched, t h e  soo t  appears  as a prod- 

uc t .  I n  t h e  gas t u r b i n e  combustion process ,  t h e  r a t e  of quenching is  

c o n t r o l l e d  by t h e  a i r  flow d i s t r i b u t i o n .  Thus t h e  carbon oxidatiomx reae-= 

t i o n  may o r  may no t  b e  f rozen  be fo re  completion depending an  how rapidly 

cool ing  a i r  i s  mixed i n .  This  is explained f u r t h e r  i n  Sec t ion  IV. 

B. Carbon Fornat ion i n  Combustors 

The d a t a  on carbon formation i n  l abo ra to ry  flames i n  t h e  previous 

s e c t i o n  can now be  combined wi th  t h e  p i c t u r e  of primary zone combustion 

developed i n  Sec t ion  I1 f o r  an examination of s o l i d  carbon fomaticsn in 

gas t u r b i n e  combustors. The major cons idera t ion  is t h e  ex i s t ence  ( 3 f  

reg ions  of fue l - r ich  combustion; t h e  d a t a  from l abora to ry  flames iradirate 

t h a t  s o l i d  carbon w i l l  be  formed i n  t h e s e  zones. It is  a l s o  c l e a r  that 

most of t h e  carbon must be formed i n  t h e  a r e a  which is most fue l - r i ch ,  

i . e . ,  t h e  reg ion  very c l o s e  t o  t h e  apex of t h e  f u e l  spray cone, Th is  i s  

t r u e  r ega rd l e s s  of whether t h e  combustion i s  l a r g e l y  premixed o r  miostly 

d i f f u s i o n  con t ro l l ed ,  I f  i t  i s  premixed then  t h e r e  e x i s t  smal l  burning 

pockets  of var ious  f u e l / a i r  r a t i o s .  I n  t h e  r i c h e s t  a r eas  more o f  these 

pockets w i l l  have equivalence r a t i o s  g r e a t e r  than  t h e  c r i t i c a l ,  thus  form- 

ing more carbon, I f  t h e  conibustion i s  d i f f u s i o n  c o n t r o l l e d ,  then the 

r e s u l t s  of S c h a l l a  et a l .  (1957),which i n d i c a t e  t h a t  more carbon is formed 
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i n  r i c h e r  flames, apply d i r e c t l y .  These arguments a l s o  imply a r i s e  i n  

smolce output  wi th  mean primary zone equivalence r a t i o ,  Based on the labara- 

t o ry  flame da t a ,  another  obvious p r e d i c t i o n  is  t h a t  p re s su re  bevel  should 

be  an important f a c t o r  i n  determining gas t u r b i n e  smoke emission levels, 

Data on carbon produced in. gas t u rb ine  combustors tend t o  eorrfirm 

these  expec ta t ions .  I n v e s t i g a t o r s  have found t h a t  t h e  v a r i a b l e s  most 

s t rong ly  a f f e c t i n g  carbon output  a r e  opera t ing  pressure ,  mean primary zoce 

equivalence r a t i o ,  t h e  d i s t r i b u t i o n  of a i r  flow i n t o  t h e  primary zome, arrcl 

t h e  d e t a i l s  of t h e  mixing of t h i s  a i r  with t h e  f u e l  vapor. An exara~ple af 

t h e  inf luence  of pressure  and primary zone equivalence r a t i o  ($ 1 i s  seen 
P 

i n  F igure  4, taken from Toone (19681, of Rolls-Royce, It should be remem- 

bered i n  t h i s  d i scuss ion  t h a t  t he  r e l a t i v e  a ir  flow d i s t r i b u t i o n  for a 

given combustor is  roughly independent of engine speed. Thus 4 $o" P 

where $O i s  t h e  o v e r a l l  combustor equivalence r a t i o ,  Figure 4 cleairlp 

shows t h e  r i s e  of smoke output  wi th  r i s e s  of e i t h e r  combustor pressure o r  

+P 
i n  a given combustor conf igura t ion .  Note t h a t  one Photosmoke Waiit 

(P,S,U,)  i s  roughly t h e  equiva len t  of an exhaust concent ra t ion  of 1 pg/R, 

A number of o the r  s t u d i e s  have shown t h e  dependence of s m k e  cirztpuc 

on m p  ( o r  Qo). Savyer (1969, 1970) was a b l e  t o  c o r r e l a t e ,  very roughly,  

smoke outputs  from d i f f e r e n t  engines wi th  t h e i r  o v e r a l l  equivalence ratios, 

Bahr et a l .  (1969) of General E l e c t r i c  f o m d  l a r g e  decreases  i n  smolke out- 

put  when combustors were modified s o  t h a t  a l a r g e r  f r a c t i o n  of t h e  a i r  

e n t e r s  t h e  combustor e a r l i e r  ( thus  lowering 4 whi le  keeping Go constant), 
P 

That t h e  combustor was modified makes tIlis r e s u l t  mbiguous a s  t h e  right 

modif icat ion can reduce smoke output  without  lowering 0 . Durrant (1968) 
P 

of Rolls-Royce found a reduct ion  i n  carbon concent ra t ion  i n  t h e  p r i ~ a r y  



zone by a f a c t o r  of 3 when @ w a s  reduced by a f a c t o r  of 5/6,  In Pratt 
P 

and Mnitney's smoke reduct ion  program, F a i t a n i  (1968) was a b l e  t o  reduce 

t h e  Von Brand Smoke Densi ty of t h e  exhausts  of combustors of nea r ly  the 

same conf igura t ion  by f a c t o r s  of up t o  10 by doubling t h e  f r a c t i o n  of t h e  

t o t a l  a i r  flow en te r ing  t h e  primary zone. S imi la r  r e s u l t s  were repor ted  

by Gleason and F a i t a n i  (1967). I n  c o n t r a s t  with t hese  r e s u l t s ,  Burze 

(1952) found t h a t  smoke output  at f i r s t  increased  a s  4 w a s  lawered; 
0 

then decreased, The reason f o r  t h e  inc rease  is  n o t  c l e a r ,  

Various modi f ica t ions  t o  t h e  combustor mixing processes  have been 

s tud ied  f o r  t h e  purposes of smoke reduct ion.  Bahr e t  al.  (1969) and 

F a i t a n i  (1968) found t h a t  blowing a i r  j e t s  d i r e c t l y  f n t o  t h e  f u e l  c:one 

sharp ly  reduced carbon formation. Severa l  i n v e s t i g a t i o n s  (Toone (1.9681, 

Durrant (19681, F a i t a n i  (1968), Lefebvre and Durrant (1960)) have shorn 

t h a t  decreases  i n  f u e l  spray  cone ang le  can sharp ly  inc rease  the  smoke out- 

pu t  of a combustor. "Swirl  cups," design modi f ica t ions  t o  i nc rease  the 

mixing e f f e c t i v e n e s s  of t h e  s w i r l  a i r ,  were found t o  reduce snloke output 

(Bahr e t  al. ( l 969) ) ,  as were ' k i r s p r a y  atmoizers ,  '' where a i r  j e t s  ass is t  

d i r e c t l y  i n  t h e  i n j e c t i o n  and atomizat ion processes  (Durrant (1968, iQ69) ) ,  

Increased pressure  drop ac ros s  primary zone a i r  i n l e t  ho les  has been shown 

t o  reduce smoke ( F a i t a n i  (1968)). 

The major e f f e c t  of t h e s e  design modi f ica t ions  is  t o  minimize l o c a l  

devia t ions  from t h e  mean primary zone equivalence r a t i o  by increased  mix- 

ing. The l o g i c a l  ex tens ion  of t h i s  concept i s  t o  completely mix t h e  f u e l  

and a i r  be fo re  i n j e c t i n g  them i n t o  t h e  combustor. Then, as long as Qp i s  

less than  t h e  c r i t i c a l  va lue  of @ previously mentioned f o r  premixed flames, 

t h e r e  should be  no smoke output  a t  a l l .  This has been t r i e d ,  and e~xhaenst 
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smoke w a s  v i r t u a l l y  e l imina ted  ( F a i t a n i  (1968) and Durrant (1969)).  Eaw- 

ever ,  such combus t o r s  have been found t o  have unacceptable s tab3 li t y  Iimi ts , 

and i t  has been a m j o r  problem t o  prevent  t h e  f u e l  from cracking before 

i t  is  burn t .  

Other i n v e s t i g a t o r s  have exmined  t h e  e f f e c t  of pressure  on smoke 

output  and have reached eoncPusions similar t o  Toone1s. Durrant (1969) 

and F a i t a n i  (1968) both c o r r e l a t e  t h e  exhaust smoke l e v e l  of var ious  engines 

with  engine p re s su re  r a t i o ,  There is ,  however, an ambiguity i n  t h e  intern- 

p r e t a t i o n  of t h e  d a t a  when t h e  p re s su re  is increased  i n  a given ssmbustor,  

There is  genera l  agreement t h a t  t h i s  s t rong ly  inc reases  smoke output  (Toone 

(1968), Bahr e t  a l ,  (19691% F a i t a n i  (1968) Butze (1952)),  and no doubt  a 

l a r g e  p a r t  of t h i s  i nc rease  is due t o  increased  carbon formation i n  the 

a c t u a l  burning process  as ind ica t ed  i n  t h e  l abo ra to ry  flame da ta .  1:0~4ever, 

i t  has a l s o  been shown t h a t  increased  combustor p re s su re  reduces t h e  f u e l  

spray cone ang le  (Decorso e t  a l .  (1967) and F a i t a n i  (1968)).  The relative 

importance of t h i s  e f f e c t  i n  i nc reas ing  carbon output  is  hard  t o  es8t imate,  

Other combustor v a r i a b l e s  which have been inves t iga t ed  a r e  connbustor 

gas ve loc i ty ,  combustor i n l e t  temperature,  f u e l  i n l e t  temperature BButze 

(1952)), f u e l  d rop le t  s i z e  (Burrant (1968) and F a i t a n i  (1968)) and com$as- 

t o r  e x i t  temperature (Toone (19681, F a i t a n i  (1968) and Gross-Gronob~ski (1967)), 

The f i r s t  fou r  have been found t o  b e  r e l a t i v e l y  unimportant,  The las t ,  how- 

eve r ,  i s  important,  It has been found t h a t  wi th  v i r t u a l l y  a l l  o the r  varia- 

b l e s  he ld  cons tan t ,  an inc rease  i n  e x i t  temperature decreases  smoke outout, 

The nzechanism f o r  t h i s  has  nothing t o  do wi th  t h e  primary zone. It i s  

increased  carbon oxida t ion  s a t e s  and w i l l  be  d iscussed  i n  t h e  next  section,  

Another a r e a  which has been explored f o r  p o s s i b l e  smoke reduet ian  i s  

t h a t  of f u e l  composition. E a r l i e r  i n  t h i s  s e c t i o n  i t  w a s  explained that 
- - - "- ,/ 



i n  labora tory  flame s t u d i e s ,  smoking tendency decreased as f u e l  hydrogen 

content  increased ,  This  e f f e c t  has  been shown t o  ca r ry  over t o  gas tur- 

b ine  combustors--smoke output  i nc reases  as f u e l  hydrogen content  decreases 

(Bahr e t  a l ,  ( l969) ,  Lefebvre and Durrant (1960), Jonash et al. (1958)>, 

The use of a d d i t i v e s  t o  prevent  carbon formation has a l s o  been ex tens ive ly  

i n v e s t i g a t e d  (Jonash e t  al .  (1958), Shayeson (19671, Taylor (1967) 1 , 1% 

has been found t h a t  a d d i t i v e s  can s i g n i f i c a n t l y  reduce smoke ou tpu t ,  

Nei ther  changing t h e  f u e l  hydrogen content  no r  t h e  use  of a d d i t i v e s  is 

considered a p r a c t i c a l  method f o r  e l imina t ing  exhaust smoke, however, 

P re sen t ly  used j e t  f u e l s  were chosen f o r  t h e i r  p r i c e  and a v a i l a b i l l . t y ,  

n e i t h e r  of which w i l l  b e  s a c r i f i c e d  i f  t h e r e  a r e  a l t e r n a t i v e  methodis of 

smoke reduct ion.  'She use  of a d d i t i v e s  is no t  promising because they tend 

t o  l eave  depos i t s  on combustor and t u r b i n e  su r f aces ,  Furthermore, some 

of them r e s u l t  i n  poisonous (though i n v i s i b l e )  exhaust emissions. 

The conclusions reached i n  t hese  combustor and engine smoke r educ t t on  

s t u d i e s  a r e  t h e  following: F i r s t ,  i t  is  poss ib l e ,  without  changing the fael 

o r  s i g n i f i c a n t l y  a f f e c t i n g  combustor performance, t o  e l imina te  v i s i b l e  smoke 

from t h e  exhaust of modern jet engines.  Second, t h e  way t o  do i t  i s  t o  

e i t h e r  " lean out" t h e  primary zone, blow a i r  d i r e c t l y  i n t o  t h e  f u e l  cone, 

o r  both. General E l e c t r i c  and P r a t t  and Whitney have succes s fu l ly  eliminated 

smoke from t h e i r  most r ecen t  l a r g e  a i r c r a f t  engines by using t h i s  app r sac l~ ,  

There a r e ,  however, two problems wi th  t h i s  smoke reduct ion  technique 

which have as y e t  no t  been s u f f i c i e n t l y  explored, F i r s t ,  k i n e t i c  calcula-  

t i o n s  by Beywood et al.  (1970) have ind ica t ed  t h a t  n i t r i c  oxide emissions 

inc rease  as t h e  primary zone is  made l e a n e r ,  This p r e d i c t i o n  has been con- 

firmed by r ecen t  d a t a  showing t h a t  t h e  "smokeless" JT8D combustors e m i t  
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40 per  cent  more n i t r i c  oxide (averaged over a landing o r  take-off cycle) 

than  combustors of  t h e  o r i g i n a l  design (George e t  a l .  (1969)).  A t  the  

p re sen t  t ime t h e r e  is  l i t t l e  p re s su re  on t h e  a i r l i n e s  t o  reduce n i t r i c  

oxide emissions, as they a r e  no t  v i s i b l e ,  while  smoke is. I n  t h e  f u t u r e ,  

a r e s t r i c t i o n  on n i t r i c  oxide emissions may make i t  more d i f f i c u l t  t o  

e l imina te  exhaust smoke, 

Second, i t  is p o s s i b l e  t h a t  l a r g e  reduct ions  i n  t h e  v i s i b i l i t y  of 

exhaust smoke may be  obtained without  s i m i l a r  reduct ions  i n  t h e  mass 

emission l e v e l ,  Data on t h e  new JT8D combustors show a 23 p e r  cent  

decrease i n  exhaust carbon mass loading from the  o r i g i n a l  design,  aga in  

averaged over a landing o r  take-off cyc le  (George e t  al .  (1969)1, which 

must be  con t r a s t ed  with t h e  nea r ly  100 p e r  cent  d i f f e r e n c e  i n  exhaust 

v i s i b i l i t y ,  A s  previous ly  d iscussed ,  v i s i b i l i t y  of exhaust smoke i s  very 

s e n s i t i v e  t o  p a r t i c l e  s i z e ;  t h i s  probably expla ins  t h e  apparent  discre~aszaclgr , 

I f  t h e  amount of carbon exhausted i n t o  t h e  atmosphere i s  t o  be  con t ro l l ed  

r a t h e r  than j u s t  its v i s i b i l i t y ,  t h i s  e f f e c t  must b e  kept  i n  mind, 

I V .  CARBON OXDATION 

The second process  d e t e m i n i n g  t h e  amount of smoke i n  t h e  exhaust of 

gas t u rb ine  engines is  the  burning of soo t  p a r t i c l e s  i n  ho t  cornbus t i~n  

products.  This  chemical r e a c t i o n  has been shown t o  be  s i g n i f i c a n t  i n  the 

combustion products  of both fue l - lean  and fue l - r i ch  flames (Lee e t  a!, (1962), 

TsibuPevsky and Tesner (1966, 19671, Tesner and Tsibulevslcy (1967a, h967k1, 

Fenimore and Jones (1967) ) . That carbon burn-up is important i n  de termin3 

gas t u rb ine  smoke emission l e v e l s  has a l r eady  been demonstrated, Toone 

(1968) observed very high. carbon concent ra t ions  (up t o  2600 ME;/%) i n  the 

fue l - r ich  region of t h e  p r i m r y  zone of an engine exhaust ing n e g l i g i b l e  

i l 



smoke (carbon dens i ty  i n  exhaust l e s s  than 10 ug/R). F a i t a n i  (l(4613Iand 

Gross-Gronowski (1967) have shown s u b s t a n t i a l  decreases  i n  smoke smfsslorr  

wi th  i nc reases  of combustor e x i t  temperature,  apparent ly due t o  in(-reased 

carbon burn-up. Faraday's experiment, previously discussed,  indietaced 

t h e  importance of ox ida t ion  on t h e  smoke "emission" l e v e l  of a candl.e, 

I n  genera l ,  t h e  burning of s o l i d  p a r t i c l e s ,  depending on t h e  Tempera- 

t u r e  and t h e  p a r t i c l e  s i z e ,  may be c o n t r o l l e d  by e i t h e r  t h e  diffus:tan of 

oxidant  t o  t h e  p a r t i c l e  o r  by t h e  chemical r e a c t i o n  r a t e  a t  t h e  su:rfaee, 

P a r t i c l e  s i z e s  i n  gas t u r b i n e  exhausts  have been examined by severa:I investigd- 

t o r s ,  Decorso e t  al .  (1967) faund t y p i c a l  p a r t i c l e  diameters of 0-05-0,00 pm 

with occas iona l  p a r t i c l e s  up t o  0,125 Dm3 and t h a t  t h e s e  smal l  paritieles 

could agglomerate t o  i r r e g u l a r l y  shaped c l u s t e r s  wi th  dimensions of O,B-0-8 ym, 

F a i t a n i  (1968) found p a r t i c l e s  of about 0.1 vm diameter.  Liebeman (196E) 

measured p a r t i c l e  diameters  i n  t h e  exhaust of a r egene ra t ive  t u r b i n e  system 

burning No, 2 f u e l  o i l  and found p a r t i c l e s  of r e g u l a r  and i r r e g u l a r  shape 

with diameters  up t o  1 um, The composition of t h e s e  exhaust partic:les has 

been measured by s e v e r a l  of t h e  above i n v e s t i g a t o r s  and o t h e r s ,  and i t  i s  

gene ra l ly  agreed t h a t  they c o n s i s t  of about 96 p e r  cent  carbon by weight 

( F a i t a n i  (1968)); t h e  r e s t  hydrogen and oxygen. Essenhigh e t  al (1965) 

show t h a t  d i f f u s i o n  i s  always unimportant i n  t h e  combustion of earban aar t l -  

c l e s  w i th  diameters  of l e s s  than  25 pm, s o  only t h e  su r f ace  reactiorr rate 

need be  considered here .  

Three m j o r  i n v e s t i g a t i o n s  of s o o t  p a r t i c l e  burning r a t e s  l-ravc? come 

t o  t h e  a u t h o r s t  a t t e n t i o n :  t h e  work of Lee, Thring and Beer (19621, 

Fenimore and Jones (19671, and Tesner and Tsi lbulevsky (1966, 1 9 6 7 ,  19678, 

l967b),  Each group has examined soo t  ox ida t ion  i n  product gases  a f  various 
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equivalence r a t i o s ,  p ressures ,  and temperatures.  The region of OXjXenr 

p a r t i a l  pressure,and temperature s t u d i e d  by each group is shown i n  Flg- 

u r e  5 along wi th  t h e  reg ion  of i n t e r e s t  i n  gas t u r b i n e  cornbustors (the 

reg ion  s h o w  f o r  Tesner and Tsibulevsky is  t h a t  d i scussed  i n  t h e i r  1967b 

wark and was es t imated ,  a s  they d id  n o t  r epo r t  p0 i n  t h e i r  p u b l i e a t i o e s ) .  
2 

It can be seen t h a t  a l l  t h e  i n v e s t i g a t i o n s  have been a t  oxygen p a r t i a l  

p ressures  and temperatures which a r e  lower than  gas t u r b i n e  conditjions, 

Tesner and Tsibulevsky were no t  a b l e  t o  c o r r e l a t e  t h e i r  d a t a  over the  

range of t h e i r  experiments,  Penimore and Jones c o r r e l a t e d  t h e i r  data 

wi th  t h e  assumption t h a t  one t e n t h  of a l l  c o l l i s i o n s  of hydroxyl radicals 

with t h e  p a r t i c l e  s u r f a c e  remove a carbon atom. Lee e t  al .  f o m d  the 

chemical r e a c t i o n  rate t o  be l i n e a r  wi th  oxygen p a r t i a l  p re s su re ,  

In  s p i t e  of t h e  f a c t  t h a t  t h e s e  oxida t ion  d a t a  a r e  no t  i n  t h e  proper 

range, i t  w a s  f e l t  t h a t  e x t r a p o l a t i o n  of Lee e t  al. and Fenimore ar?d Jones 

burning-rate expressions t o  gas t u r b i n e  combustor condi t ions  would give a t  

l e a s t  an e s t ima te  of soo t  consumption wi th in  t h e  combustor. Figure: 6 shows 

burning-rate  expressions eva lua ted  f o r  p a r t i c l e s  i n  equi l ibr ium prcsdeacts of 

C H / a i r  combustion of d i f f e r e n t  equivalence r a t i o s .  The combustor a i r  n 2x1 

i n l e t  temperature was ca l cu la t ed  assuming ambient a f r  condi t ions  of 1 atm 

and 300 OK and a compressor e f f i c i e n c y  of 87 per  cent .  For a s p h e r i c a l  

p a r t i c l e ,  t h e  s u r f a c e  r eces s ion  s a t e  i s  t h e  r a t e  of change of r ad ius ,  Though 

t h e r e  a r e  s i g n i f i c a n t  d i f f e r ences  between t h e  two c o r r e l a t i o n s ,  i n  the mast  

important region,  0.7 < @ < 1.1, t h e  p red ic t ions  a r e  of comparable magnitude, 

Lee-Thring-Beer's c o r r e l a t i o n  would no t  be expected t o  hold f o r  fw:l-risrln 

mixtures s i n c e  a l l  t h e i r  d a t a  were taken i n  t h e  presence of s ignif icai i t  C> 

concent ra t ions .  - r, 



These burning r a t e s  i n d i c a t e  what was previously observed exptzri- 

mental ly ,  t h a t  s i g n i f i c a n t  amounts of t h e  soo t  produced i n  t h e  Eue:l--rich 

regions of t h e  primary zone can be  consumed i n  t h e  o the r  reg ions  of the 

primary zone and i n  t h e  secondary zone. For example, a s p h e r i c a l  par;ele%.e 

spending 3 msec i n  near -s to ich iometr ic  ( 0 , s  < $ < 1.2) products i n  the  

printary zone would undergo a  r ad lus  change of about 0.1-0.3 pm, depending 

on t h e  p re s su re  (using t h e  Fenimore-Jones d a t a ) ,  o r  up t o  twice these  f i g -  

ures  i n  t h e  l e a n e r  reg ions ,  us ing  t h e  Lee-Thring-Beer d a t a ,  Heywood et a i ,  

(1970) and Martin (1968) have done more ex tens ive  c a l c u l a t i o n s  of carbon 

burn-up i n  t h e  secondary zone, us ing  t h e  f l u i d  mechanic models p r e v 5 o u s l > ~  

d iscussed ,  Radius changes i n  t h e  secondary zone of similar n~agnitude t o  

t hese  primary zone values were repor ted .  Note t h a t  condi t ions  g iv ing  

maximum soo t  bum-up r a t e s  ( i . e . ,  roughly s to i ch iome t r i c  combustion prod-. 

u c t s )  a l s o  r e s u l t  i n  maximum n i t r i c  oxide formation r a t e s  (Heywood eQ a1 

(asao) ) .  

A comparison of t h e s e  ca l cu la t ed  r ad ius  changes wi th  p a r t i c l e  s izes  

observed i n  t h e  combustor exhaust i n d i c a t e s  t h a t  carbon oxida t ion  p l a y s  

an important r o l e  i n  determining t h e  smoke emission l e v e l  of an engine, 

I f  t h e  d a t a  from t h e s e  ex t r apo la t ed  c o r r e l a t i o n s  a r e  c o r r e c t ,  then ,  t o  

reach t h e  exhaust without  being consumed, a  soo t  p a r t i c l e  may have t o  

spend most of i ts  time t r a v e l l i n g  i n  t h e  r e l a t i v e l y  coo le r  a r eas  of the  

combustor nea r  t h e  l i n e r ,  

V. CONCLUSIONS 

The most important conclusion reached i n  t h i s  s tudy  Is the fo l l o~ t~ ln : ? :  

The exhaust smoke concent ra t ions  of modern j e t  a i r c r a f t  engines can be 



lowered below v i s i b l e  l e v e l s  using t h e  techniques reviewed here.  T h i s  

has p r imar i ly  involved adding a i r  t o  t h e  f u e l  r i c h  zones of t h e  combus- 

t o r  by i nc reas ing  t h e  t o t a l  amount of a i r  e n t e r i n g  t h e  primary zone or 

by modifyring t h e  a ir  flow paths.  These changes have been made without 

s a c r i f i c i n g  o t h e r  d e s i r a b l e  engine c h a r a c t e r i s t i c s .  With inc reas ing  

engine p re s su re  r a t i o s  and nev design c o n s t r a i n t s  involv ing  o ther  pol lu-  

t a n t s ,  i t  w i l l ,  however, b e  inc reas ing ly  d i f f i c u l t  t o  s o l v e  t h e  srnslce 

problem by merely varying t h e  combustor design u n t i l  one t h a t  works i s  

found . 
It is  t h e r e f o r e  c l e a r  t h a t  a b e t t e r  understanding of t h e  c a n t a c l l i ~ g  

processes  i n  t h e  primary zone must be obtained.  The d e t a i l s  of the process 

by which t h e  f u e l  vapor and a i r  mix and burn a r e  no t  known This must be 

explored be fo re  t h e  product ion of carbon, o r  any o t h e r  n o l l u t a n t ,  cen be 

adequately modelled, A t  t h i s  p o i n t  i t  is  n o t  even known whether mixing, 

chemical k i n e t i c s ,  o r  n e i t h e r  c o n t r o l s  t h e  r a t e  of f u e l  consumption in the 

primary zone, The r e a c t i o n  k i n e t i c s  involved i n  t h e  formation of solid 

carbon need f u r t h e r  work. To d a t e  fundamental k i n e t i c  s t u d i e s  of carbon 

formation have con t r ibu ted  l i t t l e  t o  t h e  understanding of t h e  foxmation 

process  i n  p r a c t i c a l  systems. S imi l a r ly  t h e  d a t a  on carbon oxida t ion  

k i n e t i c s  need c l a r i f i c a t i o n  and must be extended t o  t h e  reg ions  of Snterest 

i n  gas t u r b i n e  systems. The c a l c u l a t i o n s  reviewed h e r e  i n d i c a t e  that o x i d a -  

t i o n  may p lay  an i n p a r t a n t  r o l e  i n  determining carbon emission l e v e l s ,  b u t  

t h e  unce r t a in ty  i n  t h e  k i n e t i c  d a t a  c a r r i e s  over t o  t h i s  conclusion,  
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Fig. 1 - Cross-section of a Typical Combustor 



NORMALIZED DISTANCE ALONG SECONDARY ZONE 

Fig. 2 - Results of a one-dimensional model secondary zone calculation for CnH2n fuel burned with 700 OK, 15 atm 
air. Mean primary zone equivalence ratio is 1.2. Mean gas temperature T, equivalence ratio $, 
normalized travel time t (time after entry into secondary zone/secondary zone residence time) and 
normalized liner mass flux (local mass flux/mass flux at secondary zone exit) are shown as a f'unction 
of normalized nosition along the secondary zone. Secondary zone length was 1 foot. 
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Fig. 3 - Effect  of pressure and equivalence r a t i o  on soot farinatiion 
r a t i o  fo r  premixed n-pentane-oqgen combustion. Soot forma- 
t i o n  r a t i o  S i s  percentage of f u e l  carbon atoms which emerge 
from the  flame a s  soot. From MacFarlane e t  a l .  (1964)~ 



COMBUSTOR PRESSURE, psia 

Fig, 4 - Effect of combustor pressure and overall equivalence ratio 
on smoke emission of Rolls-Royce RA.24 engine. P.S,U, 
(photo smoke unit) ' 1 pg carbon per litre. From Toone (1968). 



TEMPERATURE, OK 

Fig, 5 - Regions of available carbon oxidation data compared 
with region of interest in jet engines. 
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Fig. 6 - Calculated burning rates of soot particles in adiabatic combustion 
products of kerosene (c,H&) and air at lo3 20, and 30 atm. Com- 
bustor inlet air temperatures are 621, 765, and 865 OK, Soct 
burning rate expressed as a surface recession rate, 
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